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.The -Time–of–Flight Isochronous (TOFI) Spectrometer for Direct Mass
Measurements of Exotic Light Nuclei

J. M. Woutere(l), D. J. Vieira(l), H. Wo!lnik(a), G. W. ?3utler(1)R. H. Kraus, Jr.(s), and K. Va~iri(4)
(1) Loa A!amoa National Laboraior~, Los Alamoe, New AUezico 875~5

(0 Ju~tw fie~g-univerdv, D-6SO0 Giessen, Fed. Rep. Germany
(3) C/ark University, Worcester, Masuachueetts 01610

(4) Utah State University, Logan, Utah 84922

A new type of time-of-flight recoil spectrometer designed to me~ure the masses of neutron-rich light

nuclei hu recently been completed ~t LAMPF. The spectrometer relias on m isochronoua design that

directly correla~s M ion’s time-of-flight through tha spectrometer with it’s mnsa-t=harge ratio.
Additional meesummante of the ion’o velocity and energy enable the chnrge ntmte of the recoil to
be uniquely defined and thun permit precieiou mase merumrements given sufficient ntatintics.The
performanceof the spectrometer ha been investigated in both ol%line (uning ralph~ nourceo) rmd
on-line tests.The deeign resolution of AM/A4 = 1/2~ (F WHM) hes been achieved. Initial
performmce reeults of the spectrometer MOdescrit d with empheeie placed on the technique used to
achieve the Ovmdl high maea resolution and I*rge oolid angle/momentum ecceptrmce.

1. Introduction

Measurements of ground+ate m- are of fundamental importance to the understanding of nuclei

since they manifest all interactions that contribute to nuclear binding. Features such as the finite range

of the nuclear force, nuclear pairing, nuclear shell structure, and the macroscopic, shape+cpcndent

properties of nuclei were first identified from sydematic studies of the nuclear mass surface. Nuclear

masses a!so serve se important constraints for nuclear maaa theories whose predictive capabilities are

essential to astror,hysictd calculatio:,s of the natural abundance of elementu within the universe. This

importance hse cncouragtd an cxpcrimcntal program of m- meaauromantn, especially for nuclei far

from the valley of beta uta3ility, where incrcMing deviation from theory havo beon observod, Until

recently ouch maas mcsauromonto havo been hamporcd by tho short half-livca and lirnitcd producticm

ratea of them exotic nuclei (e.g. fewer than 15 now maasoa were momurcd fcr the fird tirnc irl the Z H

20 region from 1976 -1985), [n thiu paper wo present an ovorviow and dcacriptiorl of tho Tirrw of Flifiht

laochronolle (TOFI] npcctrornotcr’ that haa l.wcn built cxpreasly to ovcrcomc tho many Iimitntifmn of

prcvirms maaa motumrcrmmt tgchniqucw nnd mnkc Iqc mdc, ~yntcnmtic rnmrnmommrctmwh of light X

n~~]tmrl..ri~ll nll(:lci,

2. TOFI The Tlmv of Fllglit Inochronom Hpmtronlotm

our npprunr.h IIH(!H ft m!w lypr! of Mp?(!trolll(!t(!rthldi coltl~)irw ILfus, rm)il Im’hlli(p! Wil,h I,] II! tlirwl
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mesa measurement method. An iaochronoua design is employed for the spectrometer that causes the

traneit time of a particle with a given masa-t~harge ratio passing through the spectrometer to be

independent of the particle velocity. This condition is achieved by an arrangement of sector magnets

that tranarnita ions of equal maas-to-charge ratio but differing velocities on trajectories of different

lengths, such that the overall flight time is the same (ace Figure 1). The corollary to this velocity

independence is that the flight time is then a direct meaaure of an ion’s mass-t~ arge ratio. In

addition to this isochronous property, TOFI is overall momentum nondiapersive and focuses all ions to

a single small spot.

Advantages of a recoil spectrometer of this type include the ability to simultaneously meaaure the

mwaee of many neighboring nuclei, including both previously unmeasured nuclei that lie far from

the valley of ~–stability and known nuclei With well determined massea that can be used as internal

calibration points, The broad m~to-charge acceptance of the spectrometer is well matched to the

high-energy, proton-induced fragrrumtation reactionn which produce a large variety of n.?utron-rich

nuclei, In addition, the techmque is fact (tlla > 2ps), element nonspecific, and does not require

knowledge of the decay echeme (provided there exist no long-lived ioomeric states). Finally, only one

high precision measurement (i.e. the time-of-flight through the spectrometer) is needed to dcterrninc

the mace of an ion,

P.1 !lecondar~ Beam Tranuport Line

TOFI i~ connected to a secondary beam transport Iino (OCOFigure 1 of Rcf, 2) that capturca a small

fraction of the recoils produced via fragmentation rcactione induced by tho interaction of tho 1 mA,

H(K]MoV proton bcarn of the Los Alam Meson Phyeicn Facility with a 1,0 mg/cma Th target, ‘1’hcsc

rocuilo are transported to the spcctromotcr after paining through a maaa+o--chargc filter that Iargcly

climinatca tho high intensity of unintcrooting light ions which normally would enter tho npcctromctcr,

‘1’hctrnnnport line hm an overall imngc magnillcnticm of 2 that mntchm R Ilwgc nolid nnglc 10 ltw phmw

nptwo mc@wm of the npcctmrnmcr, (Stw Itcf, 2 for further dctailn.)

PI# Spectrornder optical Design

1’0 Rchicvc the dmircd i~(mhronoumdmign n four unit cdl npprmwh wnMUSWIwhich hrw t.ho I)n)lwrly
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that all first order optical aberrations are zero and higher order aberrations to a large exten~ are

minirnizedl. More specifically, TOFI consists of four homogeneous mirror–symmct ric sector magnets,

each having an81° deflection angle, equal entrance and exit angles of 23.3°, and identical field-free c~rift

distances (0.98 m) before and after each sector magnet (ace Figure 2). This design assumes that the ions

have energies of --12 MeV/.mm as are typical for recoils that are produced in proton-induced heavy-

target fragmentation reactions. Summing up all the aberrations inherent in the optical design, one

obtains a maximum deviation in the flight time of approximately 0.08 ns out of a typical flight time of

●.600 ns. Recalling that the tim~offlight is directly proportional to maw-to-charge, a m~s resolving

power (M/AA4) of 20CHIwae t~ken as the initial design goal assuming a total timing uncertainty of 0.30

ns which WM expected to be dominated by the timing detector resolution. Additional specifications for

the spectrometer; are given in Table 1.

g. 9 Dipole Magneti

In order to reach the reeolving power, the sector magnete had to be fabricated to high tolerance

(Af3/B x 10--4). This rcquircmcnt is clear from Figure 1 where ions traveling along different

trajectorics muot cxpcrioncc the samo magnetic field, Imperfections in the second and third dipole

magncta aro of special concern to the isochronicity of the npectrorneter sinco the momwrtum dispersion

is Iargcet in these magncta. Rose sh; me were ueed to increase tho radial width of the uniform field

region (Mrrrorl by the magnetic field being uniform to *1 G out of 6000 G) from 15 cm to 20 cm for 8

pole width of 30 cm and a magnetic gap of 9.6 cm. Iron Wcdl,(wwcro used to dofrnc the cntramco and

exit effective field boundtuice to a flatncea of :1.0.4 mm over the cnitirc uscablo polo width of 20 cm witJl

Lhc cnrrcct edge nnglc, Figure 3 shows both top and nidc vicwo of one sector mngnct and indicl\tcM the

Iocntirms of the ItoHc rrhimn,irou trimming wcdgcn, and aurfnco coitn (dmcribd in tho next Mcc!i(m),

1,~ Surface Cmlu

‘1’wI)typcn of Murfmcccoils were cumrtruc.ted, wring printed circuit hold tt!rhnulogy, 10 clll~nrirnlly

tumr thn uniformi~y mu! rrlmpoof mw.h mngnot. TIN! lirHt type of rmrfmx!coil wlw dmigncd rxplirilly

to rcdum thv itltl(]rl~)grrlt’ititw rcrimining in the mngrli!tit: Ilrlds, ‘ ‘I ho w!c(m(l Ilyl)t![N Nurfwv r(lil wn~

dw4iKnml h) nupvrimprw oithw n qufdrupolc (w hoxnpoh! Ikld [~rl t(q) of tho rlmiri rlmp@,ic Ii{*l(l’,
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Altogether 16 surf~e coi]s were fabricated, an in homogeneity coil and a quadrupole/hexapole coil for

every pole tip, Each double sided coil is 1.6 m long, 30 cm wide, with 0.5 mm of copper plated on both

sides of a 0.75 mm thick G–10 board, The original designs for the surface coils were drawn full+calc

on mylar using a computer and transferred photographically to the printed circuit board phot.orcsigt.

A br]ef summary describing the coil design and their performance follows.

f.~.l Inhomogeneity Surjace Coda

Each inhomogeneity surface coil w= designed empirically from a magnetic field map taken near the

top or bottom magne’ pole piece for which the coil wcu in~ended. Mapping of the pole–tip magnetic

fields waa especially difficult because of the dual requirements for obtaining 0,1 G accuracy in the

homogeneous portion of the field and for extending the map into the fringing field regions of the magnet

with lower resolution, A new field-mapping technique that acquiree two field maps simultaneously was

developed to accomplish this dual goal.

The first map w= determined by a nuclear magnetic reeonance (NMR) magnetometer to meazure the

field, nnd the second map used a temperature-stabilized Hall-probe that waa mounted directly on top

of the NMR sensor. The NMR field map waa accurate to considerably better than 0,05 G, but could

not obtain data in the fringe fields of the magnetu. The Hall-probe map covered the entire region that

ncc(lcd to be mapped, but was accurate to only 5 G absolute, A composite field map waa produced by

using the NMR map where the magnctomctcr waa stablo and by filling the remaining regions with a

corrcctcd Iiall-probe map, This correction consisted of finding the two mo~t rcccnt data points wllcrc

both the NMR and liall-probe flclda were valid and then rmrr,mlizing tho IIall--probe data to the NM R

data. In thin fushion, the IIall-probe data were continuously recalibrated on an ubsoluto SCRIC,yielding

fringing field data with an accuracy of 0,5 G,

The resulting fhdd mqrn for the ton and bottom poles wore modified in ncwcral wayu in ord(!r 1A)

crcntc tho final contour mnpa nccdcd to dcoign the nurfacc inhornogcnrity coiln, k’imt, tlw IIItL])rIhml

to bc cxtmdxl, uning a Iincar cxtrapolmt.iml rout.inc, Lu rcgionH thnt could no~ bc rcachwl hy W! fiohl

mnpping probcn hccnuw of ol)~truction~, S(!cotId, n Ixmnhry region WIW dt!lifwd nrouml the mnl) thnt

wm 3,2 CIIIwi(lo tmd Iocnlcd 3,2 cm nwny frc)lr] t.ho oll’wlivu mirf:xw roil oulvr wlgo, out~i(lr l,hi~
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boundary region the map was set to a constant value; inside, the map ww set to the measured field

value. The values of the data points within the boLndary region itself were determined by doing n Iincar

interpolation across ~hc boundary, In this fashion the contour lines of the field map could be smoothly

closed, Third, the maps were nmonthcd several times using a tcchniquc that averaged adjacent d~ta

points to redetermine the value of the central data point. Finally, the mapa were drawn full-size with

the contours in one place being cut and reconnected to form a spiral so that current wss fed in at rme

point of the circuit board and exited at another. The final contour spacing was 0.75 G, which was

limited by the minimum width acceptable for a current path. This contour spacing produced a field of

approximately 0,75 G uniformity, which improved the field homogeneity by at lcest a factar of three.

g. 4.I Quadruple and Hezapole Surface Coda

The quadruple/hexapole surface coils were designed from theor,y’ rmd are identical for all magnets.

Figure 4 is a photograph of a quadrupolc coil lying on the bottom pole tip of one the dipoles, (The

hcxapole coil is etched on the revcm side of the same printed circuit board.) Figure 5 uhows the

cffccte of those murface coilo on the energy dependence of the time-of-flight measured through the

npectrometcr for 5.4 MeV alphas originating from the decay of “’Am, Recall that for the spectrometer

to bc isochrormus the timoof flight should bc velocity indopunr.lent (i.e. energy indapondent for the

name particle type) and the data points in Figuro Sa ohould thus form a horizontal line, The clfkct

of the quadrupulc coilrr located in mwgncts 2 and 3 are to muperimp~ a 1i IIcar cnorgy dopomlonce on

the transit time through the spcctrormtcr (see Figure 5b). From Figuro 1 it ~hould bc noted thnt the

quadruple coib in the second and third magnets (where the momentun dispcmion iu groatcst) will

have the Iargeut elhct on reducing chromatic ●berratiom, while tho quadrupolo coiln in the fir~t and

lent magnctn m~inly aid in providing a nharp image at the exit uf the npcctlorrwlcr, thus Ilwuring w

high trannmimmm, A quadratic energy dcpcmlcnce is supcrimpuecd on ttm alpha pnrticlc trnmit timm

by the hcxnpdc coil M dmnomtrutvd in Figmc Gc, FigurC k] Idl(JWH k (Wl(!rgy d[!lM!d(!MY! of Lh(!

ti~ll~ Of flight IIfh!r l)l)thllkirl~ I h! CllrrCllbI in R]l h! FIllrfIkCC C(JihI. TIIO wwrgy dolmrdorwo i~ nlrmnd.

Crltirc]y r(!lnovod rmd thr ncattvr in t}lo data in now dorllirl~t[!d tJy lht! til[lirlg !j(!l[!cl(~rr(!!!l][lllitm ([], [~

rm). Owmdl thu nurfaw rmilrnrmlucwl Lhc B’WIIM of tin! time pmk from [),:!() rlx LII[1.20 IIS,



2,5 Control and mechanical details

TOFI and the secondary beam transport line use an Allen/Bradley5 microprocessor system for rcmtrol

purposes This extremely versatile and reliable system i9 designed around a small computer that controls

remote 1/0 racks into which CAM.AC-like input/output modules may be inserted, All interlocks,

status lights and on/off commands for the vacuum system and power supplies are controlled by the

Allen/Bradley microprocessor, A 500 A -200 V power supply is used to power the four spectrometer

magnets that are connected in series. Small current shunts on each magnet are used to make minor

adjustments so as to match the fields of the four magnets. An appreciable long-term drift iu the

main supply current necessitated the installation of an NMR feedback circuit that has improved the

long-term field stability (AB/B) from 1X10-3 to 2X10-5. The alignment of TOFI was done using

a computer~olitrolled stereo surveying system which nabled each magnet to be positioned in three

dimensions to a tolerance of +0.5 mm. Finally, TOFI is designed to run at a pressure of 5X10-7 mbar

in order to reduce residual gas scattering and charge exchange reactions to an acceptably low level. TO

accomplish this, twc ion pumFs of 500 liter/s and three cryogenic vacuum pumps of 15(M liter/s were

employed to evacuate the spectrometer, which utilizes stainless steel vacuum chambers connected bj

aluminum seals throughout,

g. 6 A thieved Performance

Unfolding the resolution of the timing detectcrs one obtainn an intrinsic resolving power for the

spectrometer of x6CNXJbased on our firu~experiment. The actual timing resolution was approximately

0.23 no for this experiment and wu largely dcminatcd by tho intrinsic resolution of the timing dctcctora

and drif~ in the magnetic fields, This resolution rcuulti in a mass resolving power of 26(X), easily

excetding tho initial design goal of 2003, Figure 6 ohowe a typical mnas-to charge histogram for IL

single clement with a given charge state (o, g, Nag+”), Note the clean separation bctwccn pc~ks without

hckground and the prmcncc of both calibrmti and unknowns in the same Spectrum, Irrlprovtw)cllts

hl both mhgnctic lick] ~t~bilily wnd timing d(!tcctor rc~olutiori ~hould cnahlc further incr{!nwMin t,ll(!

rmolving power,

Tlm focu~ing and trmwnnin~i[mcharrwti!rintics of ‘1’C)F1hmvchccn (!xnnlincd u~ing n pu~itioll wn~ilivo,



multi-step, multi–wire proport.imml Countere. Visually one observes that the focus is essentially iL

one–to-one image of the source, as originally designed, In addition, transmission tests show that the

spectrometer transports better than 8570 of the ions presented to it by lhe transport line for ions within

the mornenturmto-charge acceptance of the system (defined by a collimator located at the spectrometer

midpoint). These focusing properti~ and high transmission characteristics were readily achieved by

setting the four dipole magnets to the same field and then making slight current adjustments to the

individual shunts. The surface coils were found

transmission properties and so were used mainly

described above.

3.o Direct Mass Measurements

to have only a

to improve the

weak elTcct on overall focusing and

isochronicity of the spectrometer as

In this Section, we briefly describe how a mass is obtained experimentally using the TOFI spectrorm

eter. The detector arrangement consisk of three fast timing detectors locLLtedat: 1) the midpoint of

the transport line, 2) tht=entrance focus to the spectrometer and, 3) the exit focus of the spectrometer.

These timing detect.or~ are secondary-electron, microchannel-plate detectors that detect the electrons

emitted when an ion passes through a thin (~30pg/cm2) carbon foil 7. They employ an isochronous

design that accelerates the secondary electrons and bends them 180° where they impinge onto a set of

rnicrochanncl. plates which amplify the signal, A total energy and Z idcntilication detector is locatccl

imrncdiatcly after the third timing detector at the exit of the spectrometer. This detector may consist

of a rmlid sttd,c detector tclescopc, a gw ionization detector, or a Bragg spectrometer. The primary

goal of thin detector is to obttml good energy resolution and the best powiblc Z resolution. A premium

is placed on the good Z rcsolutimr since TOFI has inrnuf!lrient maas LOcharge rwmlut.ioll 10 w!pnrtitr

irroharadirectly,

MawxesIarc cxtractcd from the mcmmrcd rnrw to charge ~prx~rurn hy firrit.dchmnining thr chrwgv

[~f cdl ion. ‘1’hcchtirgc dct,crrninatiorl I)cgins wit,h an approxinmk! rnms Aculmti(m for thv ion ll~ir)~

Lhc L.(AA energy mcmlromcntl E, rm(l the vcloclty, v, ri]cnwrwl bctwccn Ltw fir~t two tirllirlg (I(!lvct(m

I)rior to clltcrirlg the spcctromotcr (iic, m~,, 2/t’/v’), l)i’~idir)g lhi~ low rcwduti{m [lliUW I)y tllr Iligl)

rmo]utim mm! to chIug’! Ilmasurvlmwt uniquely ddmnlirm lh[! chnr~(! ~lul~! of lht! im. N[)IJI I,]liil

7
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the charge resolution is governed strictly by the re~olution of the total en~rgy nleasurerr,wli and the

velocity measurement. In our first measurements we obtained a charge resolution of AQ/Q N 1%.

From the above information individual mass-~o-charge histograms are produced for a single element

with a given charge (see Figlwe 6). The centroid (in channel numbers) for each mass-tiharge line is

then determined using moments analysis. Known mass lines were then fit using a quadratic function to

determine the msss-t~harge calibration, In our first experiment approximate!y 120 msss-to<hwge

lines were fit with a typical reduced chi square of 1.1. The final mass for each nuclide w- determined

by taking a weighted average of masses from 1) 30 separate runs and 2) all me~ured charge states for a

given nuclide (typically 2 to 3 charge states were predominant). For additional details see Ref. 8 which

describes the first mass measurements using TOFI.

4.0 Conclusion

The overall philosophy that has governed the design, fabrication, and assembly of TOFI has been

the elimination of optical aberrations and magnetic field imperfdions to obtain the best time-of-flight

deterrnhation possible. This goal resulted in a simple, iaochronous, nondispersive, four cell design in

which each cell consists of an integral function dipole magnet. To achieve this goal, the four magnets

that make up the spectrometer were individually trimmed and surface coils were included in the design

to reduce inhomogencitics introduced by fabrication imperfections. During the first year of operation,

the spectrometer achieved a m- resolving power of M/AM = 2600, exceeding the design goal by 30

%, Improvements in detector and electronic technologies could permit still higher resolving powers and

thus facilitate additional mass mcwmrcments with higher precision out to more neutron–rich nuclei.
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Figure Captions:

1. Principal trajectories through TOFI showing that ions of equal mass-to-charge ratios require the

same flight times by requiring f=t moving ions to take a longer path as compared to slower moving

ions. This principle is illustrated by showing the position of pariicles at five different times with full

circles representing ions of mme-to-charge ratios (m/q). and kinetic energi= E. and El. Analogously,

the open circles repr~cnt ions of different mass-to-charge ratio (m/q) 1> (m/q). again with energies

EO and Ei. This illustrates the basic isochronous property of the spectrometer and how different

times-f–,light occur for ions with different m-–to-charge ratios.

2. Photograph of the TOFI spectrometer showing the four dipole magnets. The entrmcc to the

spectrometer is in the stainless steel box located just to the left of the photographs’s center and the

magnet with the label 4 on its side.

3. Side and top schematic of a TOFI spectrometer magnet. Note the locations of the Rose shims,

trimming wedges, and surface coils.

4. Photograph of a quadruple surface coil lying on the bottom pole tip of one of the dipole r,mgnet.s.

A hexapole coil is located on the opposite side of the printed circuit board and an inhomogeneity surface

coil board lies underneath. A similar set of coils was constructed for the top pole.

5. Effect of the surface coils on the energy dependence of time-of-flight in TOFI. The main dipG;e

field was SCLto 3030 G for 5.4 MeV alpha particles. a) All surface coils off. b) Quadruple energized

to 4 A resulting in a maximum additional field of +9 G. c) Hcxapolc coil energized to 2 A resulting in

a muximum additional Iicld of 2.5 G. d) All coils optimized,

6. Maas-to charge histogram for sodium isotopes in a 9+ charge ~tate.
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Tablea:

TABLE 1. TOFI spectrometer specifications.

Solid angle: fl=2.5msr

Energy acceptance: 6E/E = 8%

Max. magnetic rigidity: Bpma= = 0.9 Tesla-m

p/q =- 25~ MeV/c/q

Bending radius: p. = 1.1 m

Central flight path: L.= 14.0 m

Magni.lkation: (Z,z) = (y)y) = 1

Mass resolving power: M/AM = 2600 _

11
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